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ABSTRACT
Low Earth orbits (LEO) are known as a region of high space activity and, consequently, space debris highest density. Launcher upper
stages and defunct satellites are the largest space debris objects, whose collisions can result in still greater pollution, rendering further
space missions in LEO impossible. Thus, space debris mitigation is necessary, and LEO region is a primary target of active debris
removal (ADR) projects. However, ADR planning requires at least an approximate idea of the candidate objects’ attitude dynamics,
which is one of the incentives for our study. This paper is mainly focused on modeling and simulating defunct satellites. The model
takes into account the gravity gradient torque, the torque due to residual magnetic moment, and the torque due to eddy currents
induced by the interaction of conductive materials with the geomagnetic field. A better understanding of the intermediate phase of the
exponential deceleration and existing final regimes is achieved owing to a more accurate model of the eddy currents torque than in
most prior research. We also show the importance of orbital precession, which contribute to the overall attitude motion evolution.
Key words. space debris – attitude dynamics – eddy currents torque – residual magnetic moment
1. Introduction
Space debris problem is gradually becoming more notable in
LEO activities. The forecast is that the situation will grow worse
unless measures are taken to clear the space from the largest and
the most dangerous debris objects. Different aspects of active de-
bris removal (ADR) are brought up in (Bonnal et al. (2013)). One
of the generally accepted ADR scenarios is tugging debris ob-
jects to the lower orbits (Aslanov (2013)), whereupon they burn
in the atmosphere or fall to the Earth. Most ADR techniques
depend substantially on the character of the debris object’s ro-
tational dynamics, hence much effort has been spent lately to
determine the rotation parameters through ground-based obser-
vations (Silha et al. (2017); Kucharski et al. (2014, 2016)), and
at the same time, much attention has been paid to studying space
debris rotational dynamics analytically (Praly et al. (2012); Ortiz
(2015); Lin et al. (2015)).
According to recent observation data published by Silha et al.
(2017) there are four types of objects that fall into the category
of large space debris – rocket bodies, non-functional spacecrafts,
fragmentation debris, and uncorrelated objects discovered dur-
ing dedicated surveys, the former two types prevailing in num-
bers. Earlier we have conducted a study of the debris rocket
bodies rotational dynamics (Efimov et al. (2017)), and in this
paper we shall focus on the defunct satellites. One of the most
prominent objects in this class is, beyond doubt, Envisat satellite,
whose fate is closely followed by researchers from the observa-
tion side (Kucharski et al. (2014, 2016)) and from the analytical
side (Ortiz (2015)). However, as Envisat is by a wide margin
the largest of the debris objects, it deserves a research in its own
class, whereas in this study we shall confine ourselves to smaller,
yet more representative of debris satellite population, objects.
The decay of the initial fast rotation of the large space debris
objects was studied recently in Praly et al. (2012); Ortiz (2015);
Lin et al. (2015). We re-examine the process, using more accu-
rate model to simulate the torque due to eddy currents as in Gol-
ubkov (1972); Martynenko (1985), which holds true for all val-
ues of the object’s angular velocity. It provides a more thorough
description of the attitude motion evolution during the deceler-
ation stage as well as the subsequent transition to final regimes.
Also the orbit precession (not taken into account in Praly et al.
(2012); Ortiz (2015)) proved to have a significant influence on
the properties of space debris rotational motion. One more fac-
tor that proved to be of importance in our numeric experiments
is the residual magnetic moment, whose presence can produce
notable qualitative changes in the variety of the final regimes.
In the second section we present our mathematical model,
define all necessary reference frames, provide all the expressions
for the torques contributing to the modeled dynamics, and spec-
ify the key model parameters. The third section is devoted to
the numerical experiment setup, the choice of the initial condi-
tions and parameters instrumental in interpreting the obtained
results. Sections four and five present the simulation results and
interpretation, the former section dealing with the “exponential
deceleration” stage, and the latter with the classification of the fi-
nal regimes and transitions to these regimes. Finally, section six
relates our findings to the situation with the observation data.
2. Mathematical model
2.1. Reference frames
We shall rely on the simplest models to specify the reference
frames and to describe the Earth magnetic field, because the
physical factors governing the evolution of large debris rotation
can be characterized in a fairly approximate manner only. We
shall particularly assume the Earth to revolve with a constant ve-
locity ωE about an axis remaining stationary with respect to the
inertial space and having a direction given by a unit vector eE .
We also consider only circular orbits. The center of mass (CoM)
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O of the object in question will be taken as the origin of both
reference frames.
Oxyz is the body-fixed frame, whose axes coincide with the
principal axes of inertia.
OXYZ is a semi-orbital reference frame: OZ is parallel to
the vector from the Earth’s center to the ascending node, OX is
directed along the object’s center of mass velocity as it passes the
ascending node, OY is perpendicular to the orbital plane (Fig. 1).
Ascending node
X
Y
Z
O
Equatorial plane
Orbital plane
parallel
Fig. 1. Semi-orbital and orbital reference frames
2.2. Equations of motion
The Earth’s oblateness causes the orbit’s precession with angular
velocity
nΩ ≈ −
3J2µ
1/2
G R
2
E
2R7/2O
cos i.
where RO and i are radius and inclination of the orbit, RE =
6378.245 km is the Earth’s mean equatorial radius, µG = 3.986 ·
105 km3/s2 is the gravity parameter of the Earth, J2 = 1.082626 ·
10−3 is the first zonal harmonic coefficient in the expansion of
the Earth’s gravity field.
Argument of latitude u is a linear function of time:
u˙ = ωD,
where ωD = 2pi/TD, TD – draconic period of an object’s revo-
lution around the Earth (the time between two consecutive pas-
sages through the ascending node). Employing the formula for
draconic period we obtain:
ωD = ω0
1 − 32 J2
(
RE
RO
)2
(1 − 4cos2i)
 , (1)
where ω0 is the orbital angular velocity for the circular orbit of
radius RO in the central gravity field with parameter µG.
The rotational dynamics is described by the Euler’s equa-
tions for a rigid body motion:
JOω˙B + [ωB, JOωB] = MO, (2)
where JO is the inertia tensor, ωB is the object’s angular velocity
in the body frame, MO is the vector sum of all torques acting
on the object. As in prior research (Praly et al. (2012); Ortiz
(2015); Lin et al. (2015)) when modeling the rotational dynam-
ics with respect to object’s center of mass, we shall take into
account gravity gradient torque MG and torque due to eddy cur-
rents MEC . It turns out, however, that the residual magnetic mo-
ment, given the values it achieves for the considered class of ob-
jects (up to 20 A ·m2 according to Pourtau (2005)), can also con-
tribute to the rotational dynamics evolution. Hence it will also be
included into the right-hand side of (2). The expressions for all
the torques contributing to the modeled dynamics are given be-
low1.
The model is completed by the Poisson’s kinematic equation
q˙ =
1
2
q ◦ ωB,
where q is the object’s attitude quaternion, relating the body
frame to the inertial frame.
2.3. Gravity gradient torque
Gravity gradient torque is given by the formula (Beletsky
(1975)):
MG =
3µG
R5O
[RO, JORO] , (3)
where RO is the vector from the center of the gravity field to the
body’s center of mass (in our case |RO| = RO).
2.4. Magnetic torque
The torque acting upon a body with the residual magnetic mo-
ment µ in the Earth magnetic field B is (Shrivastava et al. (1985))
MM =
[
µ,B
]
. (4)
Geomagnetic field is modeled as a field of dipole placed into
the center of the Earth:
B =
µ0µE
4piR3O
3RO(kE ,RO)
R2O
− kE
 ,
where µ0 ≈ 1.257 · 10−6 N·A−2 is the vacuum magnetic perme-
ability, µE ≈ 7.94 · 1022 A·m2 is the Earth’s magnetic dipole
moment, kE is the dipole direction. We shall assume for sim-
plicity that the dipole is directed along the Earth’s rotation axis.
Test simulations showed that the use of a more precise model
(inclined dipole, making an angle δ = 11◦33′ with the Earth’s
rotation axis) does not result in any qualitative difference.
2.5. Eddy currents torque
General formula for eddy currents torque acting on a conductive
body that moves in a magnetic field can be written as follows
(Golubkov (1972); Martynenko (1985)):
MEC = [F([ω,B] − (v,∇)B − B˙),B]. (5)
1 We presume that our model describes the dynamics of the majority of
defunct satellites in nearly polar orbits with altitude of 500-2000 km. It
is clear, however, that finer analysis is called for in certain cases, when
the motion evolution is affected by factors we left out from our study.
In particular our model does not comprise the effect of secular accelera-
tion, which has been observed in rotation of some objects (Kudak et al.
(2017)).
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Here F is a magnetic tensor of a body, defined by its geome-
try and materials’ properties. The terms (v,∇)B and B˙ are related
to the orbital motion of the body and the Earth’s rotation. These
terms are often neglected (Praly et al. (2012); Ortiz (2015)), be-
ing small for fast rotations in comparison with [ω,B]. However,
at the final stages of rotational motion evolution the angular ve-
locity of a body is comparable to the orbital angular velocity and
these terms must not be overlooked during the analysis.
2.6. Model parameters
Let us consider a “typical” debris satellite (Fig. 2), whose main
body linear dimensions are 2 × 2 × 3.5 m, and the dimensions of
the solar panel are 16 × 1.5 m. The total mass of the main body
with the solar panel is m = 1750 kg.
Fig. 2. A schematic picture of a “typical” debris satellite
The key model parameters determining the rotational dy-
namics are the inertia and magnetic tensors. The inertia tensor
for a satellite with the specified dimensions and mass is assumed
to be:
JO =
2750 0 00 2570 0
0 0 4070
 kg ·m2.
We shall now estimate the magnetic tensor of such satellite.
The simplest way to do so is to scale the known magnetic ten-
sor of Envisat (Ortiz (2015)) in accordance with the assumed
satellite dimensions. Approximating a satellite by a thin-walled
conductive shell of constant thickness, one can obtain, that mag-
netic tensor components scale as r4. This results in the following
estimates of the modeled satellite magnetic tensor components
F1 ≈ F0 = 62.5 · 103 S ·m4.
The tensor itself is considered to be close to spherical. Al-
ternatively, the characteristic value of tensor components can be
obtained based on the proportionality of magnetic tensor and ten-
sor of inertia, which approximately holds in general case. Then
F ∝ J, and comparing the inertia tensor of the assumed typical
satellite to that of Envisat, we obtain
F2 = 100 · 103 S ·m4 ≈ 2F0.
These two results give an approximate understanding of the
range, in which the realistic values of the modeled satellite mag-
netic tensor components can lie. More accurate estimates require
a much finer specification of satellite design. Therefore, we shall
use both these values of magnetic tensor components – F0 and
2F0 – in all subsequent simulations, covering a whole range of
different possible satellite designs.
3. Numerical Simulation Setup
3.1. Angles characterizing a satellite’s rotational motion
The key part in the interpretation of the attitude dynamics is
played by the angular momentum vector KO. We shall describe
the direction of KO using the “conical” angle ρ and “hour” angle
σ – ρ being the angle between the angular momentum and the
normal to the orbit plane, whereas σ is the angle between the
direction towards the orbit’s ascending node and KO projection
onto the osculating orbit plane (Fig. 3).
KO
σ
ρ
Z
O
X
Y
Fig. 3. Angles describing the angular momentum with respect to the
semi-orbital frame
We shall also use the following angles:
– angle θ between the axis with the minimal moment of inertia
and the angular momentum;
– angle δ between the axis with the minimal moment of inertia
and the local vertical;
– angle δm between local magnetic field induction and satel-
lite’s magnetic moment. Similarly to how δ demonstrates the
capture into gravitational stabilization, δm can reveal when
a satellite becomes captured into rotation synchronous with
the magnetic field rotation.
3.2. Initial attitude motion
It is generally agreed upon, and is corroborated by our simula-
tions, that the attitude dynamics of a large debris object in LEO
can be qualitatively divided into three major stages – transition
to “flat” spin due to internal dissipation, exponential deceleration
due to eddy currents torque, and the stage of slow chaotic motion
ending up with one of the final regimes that we shall discuss in
the following sections.
Let us suppose that the modeled satellite is in the state of the
fast rotation. Although modern satellites are usually equipped
with the attitude control systems and preserve their orientation
with respect to either inertial or orbital reference frame, fast ro-
tations may occur as a consequence of a malfunction, that has
lead to the loss of the satellite (as a well known example we can
refer to the unexplained fast rotation of Envisat after failure).
Since the final stages of attitude dynamics evolution revealed in
our simulations are similar to motion of defunct satellites in the
3
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case of dynamically “smooth” loss of control (i.e., without sharp
acceleration of rotation), our assumption is not too restrictive.
Most of the large satellites carry extended solar panels. De-
formation of these panels as a satellite tumbles in the initial fast
rotation stage results in internal dissipation, which causes de-
crease in the total kinetic energy, while the angular momentum
of the system remains constant. Given the absolute value of the
angular momentum, kinetic energy of a rigid body is minimal
when rotational axis corresponds to the axis with the greatest
moment of inertia, hence internal dissipation always transforms
arbitrary rotation into “flat” spin (Efroimsky et al. (2002)).
An example of simulation results obtained with a model in-
cluding the deformable solar panels effect is shown in Fig. 4.
The time of initial fast rotation transition to the “flat” spin mode
is about one year (for θ(0) ≈ 50◦). This time is relatively short
in comparison with the duration of further attitude motion evo-
lution. For this reason, our numerical calculations will start from
the point when the “flat” spin regime has already set in. This
choice of initial conditions yields the same qualitative results
for the subsequent stages of attitude dynamics evolution without
complicating the mathematical model by factors that are signifi-
cant only for the short transient process at the start.
Fig. 4. Transition to “flat” spin shown by the angle θ vs time
The initial conditions for each series of simulations corre-
spond to twenty different directions of the angular momentum
vector uniformly distributed in space (ρ(0) and σ(0) are cho-
sen so that the KO is directed towards a dodecahedron ver-
texes). The absolute value of the initial angular velocity vector
is ω(t0) = 2 deg/s, the modeled satellite is considered to be in
the “flat” spin mode (rotation about the axis with the greatest
moment of inertia).
3.3. Selection of orbits and simulation parameters
Each simulation is characterized by an orbit, a set of simulation
parameters, and a set of initial conditions.
We carried out numerical experiments for three kinds of
nearly polar LEO orbits – retrograde Sun-synchronous orbit
(i = 98.3◦), polar orbit (i = 90◦), and a prograde orbit (i = 81.7◦)
– all with the same altitude of 770 km.
A set of simulation parameters includes the specific values of
the magnetic tensor components (either F0 = 62.5 · 103 S ·m4 or
2F0), the residual magnetic moment absolute value (either µS =
10 A ·m2 or 2µS ) and direction with respect to body frame:
µx = µS · ex, µy = µS · ey, µz = µS · ez,
µd =
1√
3
µS ·
(
ex + ey + ez
)
, (6)
where ex, ey, and ez are the unit-vectors of the body-frame axes.
Our primary interest was in studying the SSO, and we con-
ducted the simulations for all possible combinations of µ and F
(16 sets of simulations, each set containing 20 initial directions
of KO). To this we added a nearly polar prograde orbit, whose
inclination is symmetrical to the inclination of SSO with respect
to 90◦ and carried out three more sets of simulations. Finally, we
conducted one simulation for the polar orbit.
4. Simulation results: Exponential deceleration
Our simulation results pertain to the last two major stages of
the overall attitude dynamics out of the three (leaving out the
short-term transition from fast rotation to “flat” spin). This sec-
tion presents the results for the exponential deceleration stage,
whereas the final regimes are discussed in the following section.
The stage of exponential deceleration governed by the eddy
currents torque is virtually not influenced by residual magnetic
moment. The value of magnetic torque averaged along the or-
bital motion is close to zero, which is explained by the symme-
try of the geomagnetic field. Thus, characteristic times of this
stage are determined primarily by magnetic tensor. For magnetic
tensor with components F0, the duration of this stage is
τ ≈ 1400 to 3000 days ≈ 3.7 to 8.2 years, (7)
and for tensor with components 2F0:
τ ≈ 700 to 1500 days ≈ 1.9 to 4.1 years. (8)
The exact value in each case depends on the initial direction of
the angular momentum vector. An example of the angular veloc-
ity to orbital angular velocity ratio ω/ω0 dynamics is shown in
Fig. 5. The angular velocity evolution, which we ascribe to the
exponential deceleration stage, takes about 2100 days and its end
is marked with an abrupt change in the behavior of ω/ω0.
Fig. 5. Angular velocity to orbital angular velocity ratio ω/ω0 in the
exponential deceleration stage
The regimes of motion, which set in after the exponential de-
celeration, substantially depend on the magnitude and direction
of the residual magnetic dipole moment with respect to the body-
frame. These regimes are described in the following section. The
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most probable of these regimes is irregular motion, which does
not exhibit regular behavior in the simulation interval. Nonethe-
less, the absolute value of angular velocity in the final regimes
does not exceed 3ω0 ≈ 0.18 deg/s.
During the exponential deceleration stage, the direction of
the rotation axis changes under the combined influence of the
gravity gradient and eddy currents torques. The space of ρ and
σ initial values can be separated into three regions, according to
the type of the subsequent angular momentum vector evolution.
These regions can be loosely defined by conditions ρ . 90◦,
ρ ∼ 90◦, and ρ & 90◦, and will be referred to as upper, middle
and lower regions respectively, because of their positions with
respect to the orbital plane and the orbital normal. A detailed
description of these regions’ geometry is provided in Efimov et
al. (2017).
There is only one type of evolution for all simulations start-
ing from the upper region, the same is true for the middle region,
whereas the initial conditions from the lower region may entail
one of the two specific for this region evolution types. This yields
a total of four different scenarios of evolution:
1. When starting in the upper region (ρ . 90◦), the angular mo-
mentum vector at first leans towards the orbital plane, but af-
terwards begins to set back towards the orbital normal. This
is manifested in the concave shape of ρ vs time plot (Fig. 6).
Such non-monotonous behavior is governed by the interplay
of two factors. The first factor is the dissipative term [ω,B] in
(5), which tends to align the angular momentum vector with
orbital plane. The second factor is the influence of the orbital
motion on the eddy currents torque, which is described by
term (v,∇) B in (5) and spins up a satellite about axis Y , thus
pulling the angular momentum vector closer to the orbital
normal. The dissipative term dominates at first, but when the
orbital velocity diminishes to the value approximately 20–30
times larger than the orbital angular velocity, the orbital term
starts to have a decisive effect on the angular momentum di-
rection.
2. The middle region (ρ ∼ 90◦) corresponds to the capture of
the angular momentum vector into oscillations about ρ = 90◦
(Fig. 7). Fig. 8 shows that the angle σ at the same time oscil-
lates about σ = 270◦ for SSO (which should be the case for
any other retrograde orbits) or about σ = 90◦ for prograde
orbits. For nearly polar orbits these values correspond to the
approximate directions to the south celestial pole and the
north celestial pole respectively. The existence of this sce-
nario and the middle region itself is a direct consequence of
the orbital plane precession.
3. In the lower region (ρ & 90◦) both dissipative and orbital
terms in the eddy currents torque drive the angular momen-
tum vector towards the orbital plane. Therefore, starting in
this region the angular momentum vector monotonously ap-
proaches the orbital plane. When crossing the orbital plane,
it can be captured into the oscillations similar to those in the
second scenario. Overall dependence of ρ(t) will thus have
the shape shown in Fig. 9. The capture can also be discerned
in the plot of the angle σ vs time (Fig. 10) at t = 1400 d as
the circulation of σ over whole interval [0◦, 360◦] changes to
the oscillations about σ = 270◦ with amplitude decreasing
over time.
4. Alternatively, after approaching the orbital plane, the angular
momentum vector can jump past it to the upper region (see
the abrupt change of ρ in Fig 11 when it crosses the 90◦ at t ≈
1300 d), as the orbital term in the eddy currents torque drives
the angular momentum vector towards the orbital normal,
Fig. 6. Evolution of angle ρ in scenario 1
Fig. 7. Evolution of angle ρ in scenario 2
Fig. 8. Evolution of angle σ in scenario 2
equivalently to the latter part of scenario 1 (Fig. 11). The
choice between scenarios 3 and 4 has a quasi-probabilistic
nature, as very close sets of initial conditions can result in
different behaviors of the angular momentum vector near the
orbital plane.
5. Simulation results: final regimes
Six qualitatively different types of motion, which settles in the
system after the stage of exponential deceleration, are observed
in our numerical experiments. We shall now briefly describe all
six regimes, show the characteristic graphs, and then – at the end
of this section – we shall present the statistical distribution of the
final regimes in our simulations.
5.1. Gravitational stabilization
In this regime, the axis with the smallest moment of inertia is
aligned along the local vertical. Thus, the object rotates with the
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angular velocity ω = ω0 ≈ 0.06 deg/s about orbital normal. The
graph of the ω/ω0 is shown in Fig. 12.
This regime, however, does not take place in any of the nu-
merical experiments with non-zero residual magnetic moment,
as for chosen values of residual magnetic moment, the mag-
netic torque dominates over the gravity gradient torque. The non-
existence of the gravitational stabilization regime in the presence
of the magnetic torque is an essential difference issuing from
comprising the magnetic torque into the model.
On the contrary, in experiments with zero magnetic moment
5 out of 20 simulations ended up with the gravitational stabiliza-
tion.
5.2. Magnetic rotation
In this regime, satellite rotates synchronously to geomagnetic
field vector in the semi-orbital reference frame. The angular ve-
locity, therefore, is ω = 2ω0 ≈ 0.12deg/s and directed along the
orbital plane normal. An example evolution of ω/ω0 is shown in
Fig. 9. Evolution of angle ρ in scenario 3
Fig. 10. Evolution of angle σ in scenario 3
Fig. 11. Evolution of angle ρ in scenario 4
Fig. 12. Angular velocity to orbital angular velocity ratio ω/ω0 in case
of gravitational stabilization final regime
Fig. 13. This regime takes place more often in cases with mag-
netic moment directed along axes x and y or for µ||µd, appearing
in about 30% of these simulations. When the magnetic moment
is directed along the axis with the greatest moment of inertia, this
regime is replaced by eddy currents rotation (see Section 5.4).
Fig. 13. Angular velocity to orbital angular velocity ratio ω/ω0 in case
of magnetic rotation final regime
5.3. Magnetic tumbling
This is a rare particular case of the magnetic rotation regime. In
this case the average angular velocity is also close to ω = 2ω0,
however, it oscillates about this value with amplitude 0.5ω0 ≈
0.03 deg/s instead of being virtually constant (Fig. 14-15). The
angles that describe the attitude motion also change quasi-
periodically about their mean values (Fig. 16-17). Particularly,
the angle θ – between the angular momentum vector and the
minimal moment of inertis axis – varies in the range of [10◦, 70◦]
(Fig. 18). Thus, the motion in the magnetic tumbling regime is
significantly different from “flat rotation” in case of magnetic
rotation, and can be considered as an intermediate case between
magnetic rotation and chaos, which is to be described in Section
5.5.
5.4. Eddy currents rotation, resonance 9:5
For slowly rotating objects a combination of the gravity gradient
torque and dissipation caused by the eddy currents tends to align
the angular momentum vector along the orbital plane normal.
Since the change in the angular momentum of a body caused by
the eddy currents torque over the time span of one orbital period
6
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Fig. 14. Angular velocity to orbital angular velocity ratio ω/ω0 in mag-
netic tumbling.
Fig. 15. Quasi-periodic variations of ω/ω0 in magnetic tumbling (a
close up view of the plot in Fig. 14)
Fig. 16. Variation of conical angle ρ between the angular momentum
and orbital normal in magnetic tumbling
Fig. 17. Variation of the hour angle σ in magnetic tumbling
Fig. 18. Variation of the angle θ between the axis with the minimal
moment of inertia and the angular momentum in magnetic tumbling
is very small, the torque Eq. (5) can be averaged along the spin
and orbital motion. Hence, one can obtain the equilibrium value
of angular velocity ω to orbital angular velocity ω0 ratio:
ω/ω0 = 9/5 = 1.8. (9)
This condition represents the final regime alternative to grav-
itational stabilization. We have already established that in the
simulations without the residual magnetic moment 5 out of 20
experiments ended up with the gravity stabilization regime. The
other 15 experiments out of these 20 came to the eddy current
rotation mode. The existence of similar regime has also been in-
dicated in Martynenko (1985).
It may also be noted, that this final regime cannot occur for
objects in geosynchronous equatorial orbit, as they do not move
with respect to the Earth’s magnetic field and therefore in Eq. (5)
(v,∇)B = B˙ = 0.
In the simulations with the non-zero magnetic moment, the
regime is present only when the magnetic moment is directed
along the axis with the greatest moment of inertia, appearing in
almost 60% of such numeric experiments. The reason behind
this is that the axis with the greatest moment of inertia is the ini-
tial axis of rotation, due to transient process in the beginning of
evolution. Consequently, magnetic torque is perpendicular to the
axis of rotation; therefore it does not influence angular velocity
value and does not prevent the satellite from being captured into
the eddy currents rotation, unless the axis of rotation is signifi-
cantly altered during the stage of slow chaotic motion.
Fig. 19. Angular velocity to orbital angular velocity ratio ω/ω0 in case
of eddy currents rotation final regime
5.5. Chaotic dynamics
In this scenario the stage of slow chaotic motion following
the exponential deceleration does not end in foreseeable future
(25-40 years from the beginning of the simulation), and thus
never comes to one of four previously described regimes. Even
in cases, where motion converges to one of the regular final
regimes, the influence of residual magnetic moment can signifi-
cantly prolong the transient stage of the irregular rotational dy-
namics. E.g., the characteristic duration of the transition from the
exponential deceleration stage to a final regime without magnetic
moment is about 2 years, whereas with the magnetic moment di-
rected along axis x it can lasts for up to 7 years.
The angular velocity during the chaotic motion fluctuates in
the range 0 to 3ω0 ≈ 0.18 deg/s as shown in Fig. 20.
For the specified magnetic moment values, the chaotic mo-
tion is very common, as about 65% of all simulations end up with
this regime. There are two cases, however, in which this proba-
bility is significantly lower than its average. In experiments with
(µ; F) = (µS ; 2F0) the ratio of dissipative eddy currents torque
to magnetic torque reaches its maximum value, which helps to
stabilize the motion. Consequently, chaotic motion appears as a
final regime in less than 40% of these simulations. Also in the
case of residual magnetic moment directed along the axis with
the greatest moment of inertia, as described earlier, magnetic
torque does not directly oppose the capture in eddy currents ro-
tation and the probability of chaotic final motion is decreased to
approximately 40%. The opposite worst case is represented by
simulation, in which (µ; F) = (2µy; F0). Here the dissipation is
minimal, the magnetic moment is maximal and directed along
the axis with the smallest moment of inertia. As a result, 19 out
of 20 experiments end up in chaotic motion.
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Fig. 20. Angular velocity to orbital angular velocity ratio ω/ω0 in case
of chaotic final regime
It is interesting to note that the possibility of chaotic regimes
of motion of a magnetized satellite has long been known to spe-
cialists (e.g., Beletsky et al. (1999); Li-qun et al. (2003)). And
yet the observational evidence of such regimes is still lacking.
5.6. Resonance 19:10?
This regime was observed in the simulations for the polar orbit,
although there are reasons to believe that it was also present in
simulations for other orbits, although was not classified as such.
The polar orbit simulation was conducted for a pair (2µz; 2F0).
The new final regime appears in 3 cases out of 20. The angular
velocity in this regime stabilizes around some constant value, but
this value is neither 1.8ω0 nor 2ω0 (Fig. 21). Thus, this regime
cannot be identified as either magnetic rotation or eddy current
rotation.
Fig. 21. Angular velocity to orbital angular velocity ratio ω/ω0 in case
of resonance 19:10
This can be clearly seen in Fig. 22, which depicts the mean
value of angular velocity in the final stage for different simula-
tions. Three dots that cluster outside of the narrow bands around
1.8ω0 and 2ω0 pertain to the new final regime. The mean value of
the angular velocity in the final stage for this regime is very close
to 1.9ω0. Therefore, it can be assumed to be a hybrid regime,
governed by the joint effect of eddy currents and torque due to
residual magnetization, although exact mechanism behind it is
not clear.
Unlike the cases of the magnetic rotation and eddy currents
regimes the angle ρ in the new regime does not converge to zero
(Fig. 23), and the rotation axis precess about orbital normal. The
angle δm oscillates about 90◦ with large amplitude (Fig. 24) in-
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Fig. 22. Mean value of angular velocity in final regimes for different
simulations. Red lines envelop points, that can be identified as close to
the eddy current rotation regime 1.8ω0 and the magnetic rotation regime
2.0ω0
stead of very small amplitude as in the case of the eddy currents
regime or convergence to 0◦ for magnetic rotation regime.
Fig. 23. Variation of angle ρ in case of resonance 19:10
Fig. 24. Variation of angle δm in case of resonance 19:10
5.7. Final regimes statistics
Tables 1–3 provide the information on the numbers of cases that
results in each type of different final regimes in the SSO simula-
tions. Rows are sorted in descending order of residual magnetic
moment to magnetic tensor components ratio. Columns are la-
beled by the indices of magnetic moment vectors (6) and sorted
by the angle that the residual magnetic dipole moment makes
with the axis with the greatest moment of inertia (secondary cri-
terion being the angle it makes with the axis with the smallest
moment of inertia). Hereby in accordance with previous descrip-
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tion of the chaotic final regime, the number of chaotic cases in
Table 1 decreases from top to bottom and from left to right.
The total number of simulations in Tables 1–3 is 320 (16
combinations of µ and F, 20 initial conditions for each combi-
nation). We can see from the data that 203 cases out of 320 end
up with the chaotic final regime, 46 out of 320 arrive at the eddy
currents rotation (resonance 9:5), and the rest 71 come to the
magnetic rotation (6 out of them to magnetic tumbling). Let us
recall that out of 20 simulations with the absence of the residual
magnetic moment 5 cases rested in the gravitational stabilization
mode, whereas the other 15 came to the eddy currents rotation.
It emphasizes the fact that the large (although realistic) value of
the residual magnetic moment drastically changes the evolution
of a debris satellite rotational motion.
Tables 6–7 compare the simulations made for the prograde
orbit with the corresponding simulations for SSO (we recall that
the simulations for the prograde orbits are confined to only three
pairs of (µ; F)). The statistics on the prograde orbits is not large
enough to make definite conclusions, but it does not look to differ
much from the analogous SSO numbers.
Finally, Table 7 provides the comparison data of the polar
orbit simulation against the corresponding SSO simulation. The
polar orbit data is remarkable for the examples of an unprece-
dented final regime, which we called resonance 19:10 and the
exact nature of which is yet to be explained.
Table 1. SSO simulations: chaotic final motion for different sets of sim-
ulation parameters
(2µS ; F0) (µS ; F0) (2µS ; 2F0) (µS ; F0) Σ
y 19 16 14 10 59
x 17 17 15 8 57
d 18 16 17 6 57
z 8 11 5 6 30
Σ 62 60 51 30 203
Table 2. SSO simulations: eddy currents rotation for different sets of
simulation parameters
(2µS ; F0) (µS ; F0) (2µS ; 2F0) (µS ; F0) Σ
y 0 0 0 0 0
x 0 0 0 0 0
d 0 0 0 0 0
z 11 8 14 13 46
Σ 11 8 14 13 46
Table 3. SSO simulations: magnetic rotation (including magnetic tum-
bling) for different sets of simulation parameters. The number of mag-
netic tumbling cases, when present, is provided in brackets
(2µS ; F0) (µS ; F0) (2µS ; 2F0) (µS ; F0) Σ
y 1 4 6 10 21
x 3 3 5 12(2) 23(2)
d 2(2) 4(1) 3 14(1) 23(4)
z 1 1 1 1 4
Σ 7(2) 12(1) 15 37(3) 71(6)
Table 4. Prograde orbit and SSO simulations comparison: chaotic final
motion
(2µy; F0) (µx; 2F0) (µz; F0)
Sun-synchronous orbit 19 8 11
Prograde orbit 20 14 12
Table 5. Prograde orbit and SSO simulations comparison: eddy currents
rotation
(2µy; F0) (µx; 2F0) (µz; F0)
Sun-synchronous orbit 0 0 8
Prograde orbit 0 0 8
Table 6. Prograde orbit and SSO simulations comparison: magnetic
rotation (including magnetic tumbling). The number of magnetic tum-
bling cases, when present, is provided in brackets
(2µy; F0) (µx; 2F0) (µz; F0)
Sun-synchronous orbit 1 12(2) 1
Prograde orbit 0 6 0
Table 7. Polar orbit and SSO simulations comparison
Chaos Magnetic
rotation
Eddy
currents
rotation
Resonance
19:10
Polar orbit 7 1 9 3
SSO 5 1 14 -
6. Perspectives of observational verification of
predicted effects
The current state of the art in space debris attitude motion deter-
mination is described by Silha et al. (2017). Different tools are
used for observations of real objects in LEO: optical telescopes,
laser rangefinders, radars, etc. But in most cases everything is
limited to optical observations. Laser and radar observations are
only available for unique objects like Envisat (Kucharski et al.
(2014); Sommer et al. (2017)).
The results of systematic optical observations of a large num-
ber of objects in LEO were summarized recently by Dearborn et
al. (2012), Silha et al. (2017). Unfortunately, these observations
are primarily focused on the rocket bodies. Silha et al. (2017) re-
ported that in LEO they observed 100 rocket bodies and only 15
defunct satellites. Dearborn et al. (2012) did not observe satel-
lites at all.
Nevertheless, the need to intensify the observations of ob-
jects in LEO is recognized by all specialists. This lets us hope
that in the near future the data will be made available to ver-
ify the results of our simulations. In particular, very promising
results are provided by intensive observations of near-Earth ob-
jects that have been going on since 2014 using the multi-channel
monitoring telescope located in Nizhny Arkhyz, Russia (Beskin
et al. (2017))
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7. Conclusion
Using numerical simulation we conducted a study of the atti-
tude dynamics of a “typical” defunct satellite in nearly polar
orbit. Our aim was to describe the “nominal” long-term evolu-
tion of satellite’s attitude motion, i.e. the evolution in the ab-
sence of extraordinary events like, for example, fuel leakage,
collisions with fragments of the space microcosm, and partial
destruction. It turns out, that this evolution can be subdivided
into three stages: transient process, exponential deceleration and
the stage of slow chaotic motion ending up with one of the fi-
nal regimes, whose properties essentially depend on the inter-
play between gravity torque, magnetic torque and eddy currents
torque applied to the satellite. The final regimes of defunct satel-
lites exhibit greater diversity than the final regimes in the other
class of large space debris – rocket bodies. In addition to gravi-
tational stabilization, which is the usual end of game for rocket
bodies, the final regimes of defunct satellite attitude motion in-
clude different types of slow rotations and even a chaotic tum-
bling. The next challenge is to discover the predicted effects in
the motion of the real objects. It may be of particular interest to
check if the angular momentum vector of fast rotating space de-
bris in nearly polar orbits can indeed oscillate about the direction
to the north or south celestial pole.
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